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Abstract: In order to optimise the safety of underground rock engineering construction and the long-term security of the 
resultant facilities, it is necessary to have a knowledge of the likely hazards. These risks or hazards fall into the four 
categories of “known beforehand and relatively easily addressed”, “known beforehand and not easily addressed”, “not 
known beforehand and relatively easily addressed”, and “not known beforehand and not easily addressed”. This paper 
describes how these four types of hazard can be incorporated into a design methodology approach, including the process by 
which the relevant mechanical rock mass parameters can be recognised for modelling and hence predictive purposes. In 
particular, there is emphasis on the fact that information and judgement are the keys to safety—whether the hazards are 
known or unknown before construction proceeds. 
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1  Introduction 
 
In ideal circumstances, the designer of an 
underground facility constructed within a rock mass 
wishes to have a total predictive capability. He or she 
would like to be able to predict what will happen 
when the facility is being constructed and its ability 
to continue functioning for the required lifetime. For 
example, the designer would be able to predict what 
will happen when a tunnel is constructed by a 
particular method at a particular depth in a particular 
direction and in a particular rock mass. Without such 
a predictive capability, the facility cannot be 
designed completely before construction starts. 
Unfortunately, it is often the case that all the 
information to support pre-construction design is not 
available and so a “design-as-you-go” approach is 
also required. 
A related aspect is that of hazards—which is the 
focus of this Chinese Academy of Engineering 
International Summit Forum. How can we recognise 
and understand the mechanisms of the different types 
of hazards that may be encountered? How can we 
predict these at a specific site? How can we reduce 
the risks during construction? 
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In other words, we are concerned with special 
conditions outside the range of normal conditions as 
indicated in Fig. 1. A selection of the main adverse 
conditions is presented in Fig. 2. 
 
 
 
 
Fig. 1 Special conditions—outside the range of normal 
conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Examples of special conditions. 
 
The “special conditions” listed in Fig. 2 are not 
all-inclusive but they do include the issues being 
addressed at this Forum. Note that, in line with Fig. 1, 
there can be problems if the particular aspect is either 
too high or too low. For example, rock bursting is 
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related to the condition of a high stress field, but 
there can also be problems in an unlined pressurised 
water tunnel if the stress field is too low, especially 
the value of the minimum principal stress. Another 
example is water flow into the tunnel. Generally, we 
are concerned with too much water flowing into the 
tunnel but sometimes tunnels are constructed as 
water gathering tunnels, as in the chalk strata in 
Belgium—in which case too little flow would be a 
problem. 
The ability to predict the consequences of 
construction is the key: if one cannot predict what 
will happen, there is no basis for pre-construction 
design; and the basis for such prediction is obtaining 
the required supporting information.  
 
2  Known and unknown conditions 
 
It is necessary to be able to model the host rock, 
the excavation procedure and the completed facility 
in order to have the necessary predictive facility for  
design. During the period of 2007–2011, the work of 
the International Society for Rock Mechanics (ISRM) 
Commission on Design Methodology generated the 
book “Rock Engineering Design” (Feng and Hudson, 
2011) which contains two key flowcharts. The first is 
a summary of the eight main modelling methods 
supporting design and is reproduced in Fig. 3. The 
second contains the seven main steps in rock 
engineering design and is reproduced in Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Flowchart summarising the eight main modelling 
methods (Feng and Hudson, 2011).
 
 
Fig. 4 Flowchart summarising the seven main steps in rock engineering design (Feng and Hudson, 2011).          
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However, in order to utilise these flowcharts and 
hence to ensure the safety of underground rock 
engineering, it is necessary to have the required 
supporting information—and this is not always 
available. Let us illustrate this with two example 
subject areas: in-situ rock stresses and rock fractures. 
2.1 Is sufficient knowledge of the in-situ rock stress 
available?  
Measuring the in-situ rock stress and estimating 
the nature of the stress field throughout the region of 
engineering interest within a rock mass is not an easy 
task. This is due to a combination of adverse factors, 
including the facts: 
(1) stress is a point property; 
(2) the stress state must be altered in order for the 
measurements to be made; 
(3) at least six measurements are required; 
(4) local measurements may not indicate the 
overall stress state; and 
(5) the stress measurements are often made 
remotely in boreholes. 
In addition, there are the compounding factors of 
the influence of scale and the different perturbations 
to the rock stress state. In Figs. 5 and 6, the effects of 
the different scales and the effects of natural and 
anthropogenic perturbations are illustrated.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 The influence of scale on the in-situ stress state. 
 
In particular, the effect of large- and small-scale 
fractures can have a significant effect on both the 
overall and local stress states, as demonstrated in Figs. 7, 
8 and 9. One of the many major advantages of the 
current capabilities in numerical modelling is the 
ability to model the effect of rock fractures on the 
in-situ stress state (see Figs. 8 and 9). The 3DEC 
outputs show the distribution of the in-situ maximum 
principal stress at two depths at the Olkiluoto site in 
Finland. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 The influence of natural and anthropogenic 
perturbations on the in-situ stress state. 
 
 
 
 
 
 
 
 
 
Fig. 7 The influence of a rock fracture on the local in-situ 
stress state. In the case shown, i.e. an open fracture, there is a 
dramatic alteration to the local stress state; where the fracture 
is not fully open, or the fracture is filled, there will be fewer 
disturbances to the stress state. 
 
In Fig. 8, for a depth of 150 m, the applied 
regional stress field direction (NW-SE) is clearly 
evident from the maximum principal stress in this 
horizontal plane, as is the significant impact of the 
brittle deformation zones (faults) on its local 
orientation and magnitude. There is considerable 
variability in the magnitude of the maximum 
principal stresses, from about 12 to 25 MPa. In Fig. 9,  
 
Fig. 8 Computer modelling (3DEC) of the effect of major 
faults (brittle deformation zones) on the maximum principal 
stresses in a horizontal cutting plane, depth level 150 m, at 
the Olkiluoto site in western Finland (Valli et al., 2012). 
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Fig. 9 Computer modelling (3DEC) of the effect of major 
faults (brittle deformation zones) on the maximum principal 
stresses in a horizontal cutting plane, depth level 420 m, at 
the Olkiluoto site in western Finland (Valli et al., 2012). 
 
for a depth of 420 m, the variability in the maximum 
principal stress is relatively less—due to the reduced 
effect of the brittle deformation zones. (The spiral 
tunnel ramp in Figs. 8 and 9 leads to a depth of 435 m 
from the surface for the proposed radioactive waste 
repository.) 
Note also the usefulness of this type of 
presentation in the general case for locating the 
position of an engineering structure with a view to 
minimising the effect of high stresses. This ability to 
determine a suitable project location cannot be 
determined from point values of the stress state in a 
site investigation, but requires this type of numerical 
modelling—so that the whole stress field 
characteristics become apparent. There are of course 
different stress criteria associated with different 
projects, such as the need to locate an unlined high 
pressure water tunnel in a region where the minimum 
principal stress is not too low. 
Finally, in relation to in-situ rock stress, the effect 
of rock construction needs to be evaluated. The 
consequence of rock construction is that all 
unsupported excavation surfaces become principal 
stress planes, in a similar manner to that illustrated in 
Fig. 7. It is useful to understand the resultant stress 
path as illustrated in Fig. 10.  
2.2 Is sufficient knowledge of the fracture system 
available?  
Knowledge of another major factor is required to 
provide the necessary predictive capability to support 
rock engineering design, i.e. the rock fracture system. 
As shown in Figs. 8 and 9, such discontinuities can  
have a significant effect on the in-situ rock stress, but 
they also have a dominant effect on the water flow in 
hard rocks. For these and other reasons related to 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 The stress path changes caused by construction (i.e. 
the generation of free surfaces), shown both in principal stress 
Cartesian and stereographic spaces. 
 
developing the rock engineering design, it is crucial 
to understand the formation and hence the 
geometrical, mechanical and hydrogeological 
properties of the rock fractures. 
In particular, the skills of a structural geologist 
should be utilised to provide this understanding via 
the type of fracture formation shown in Fig. 11. But, 
unlike the rock stress which only requires six pieces 
of information to fully characterise the stress tensor 
at a particular point, rock fractures require much 
more information, as is clear from the parameters 
illustrated in Fig. 12.  
In addition, for the modelling of rock fractures, 
especially in hydrogeological cases, it is crucial to 
include the terminations of one fracture set against 
another, as illustrated by the white numbers in Fig. 
13, which show the sequence in which the fractures 
were formed, in this case for a limestone rock mass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 The geological basis for understanding and 
characterising the rock fractures at a site. 
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Fig. 12 Characteristics of rock fractures. 
 
 
Fig. 13 Characterising rock fracture terminations. 
 
Moreover, the rock fractures may not be quasi- 
planar, as shown in Fig. 13, but curved, as for the 
listric faulting above a coal seam (low friction 
boundary) shown in Fig. 14.  
  
 
 
 
Coal seam, low friction
 
Fig. 14 Listric faulting above a coal seam. 
 
2.3 The effects of excavation  
In addition to the complications for two of the 
major factors, stress and fractures, already mentioned, 
the process of excavation produces a disturbance in 
the near-field and affects the rock properties. The 
contributing factors are shown in Fig. 15.  
2.4 Categorisation of the known and unknown 
conditions 
The preceding discussion has revealed that 
knowledge of the site conditions will vary 
considerably, depending on the particular rock 
property, but the services of a structural geologist, a 
good site investigation, and computer modelling and 
simulation will go a long way towards reducing the 
unknown factors and hence the occurrence of 
unpredicted events during construction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15 The many factors causing the excavation damaged zone (EDZ) (from R. Christiansson, SKB, Sweden).                    
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In fact, the associated hazards and hence risks fall 
into the four categories of “known beforehand and 
relatively easily addressed”, “known beforehand and 
not easily addressed”, “not known beforehand and 
relatively easily addressed”, and “not known 
beforehand and not easily addressed”, as shown in 
Fig. 16. 
 
 
 
 
 
 
 
 
Fig. 16 The four categories of potential hazards. 
 
For the purposes of this Forum, we can omit 
discussion of the “easily addressed” hazards in the 
two left-hand boxes of Fig. 16 and concentrate on the 
two “not easily addressed” right-hand boxes. In fact, 
the ability to deal with such “not easily addressed” 
hazards depends to a large extent on the information 
available, both prior to and during the construction 
process. The nature of this information and how it 
can be developed for future use is described in the 
next section. 
 
3  The key is information 
 
3.1 The need for a rock mechanics corporate 
memory 
The key to dealing with hazards not easily 
addressed, whether known beforehand or not, is 
information. Needless to say, the more relevant 
information that we have the greater will be our 
ability to overcome the hazards and hence reduce the 
risks. But what exactly do we want to know and why 
do we want to know it—about the geological, 
geometrical, mechanical, hydrogeological features of 
a rock mass for the rock engineering project design? 
(1) What dictates the amount of information to be 
obtained? If it is the financial resources, how do we 
know how to optimally deploy the resources—and 
will the use of these resources tell us what we wish to 
know? 
(2) In other words, what are the strategic principles 
associated with site investigation for a particular 
project? 
(3) How do we determine the optimal site 
investigation content? 
Firstly, we should utilise existing information. 
Much of this may be generic but there could well be 
useful specific information available, i.e. information 
directly relating to the rock type and/or site 
conditions. A large amount of relevant material exists 
worldwide on previous rock parameter 
determinations, modelling exercises, design work, 
and construction projects. However, the information 
learnt from these activities is not easily accessible 
and useable, i.e. there has been no attempt to develop 
a “corporate memory” system for rock mechanics 
and rock engineering. 
As Zhang et al. (2012) have pointed out, “…the 
well determined values and empirical correlations of 
rock properties are scattered in different sources such 
as text-books, reference manuals, reports and articles. 
It is often difficult, time-consuming or even 
impossible for an engineer to find appropriate 
information to determine the rock properties required 
for a particular project. It is therefore important to 
develop an easy-to-use and effective tool for 
engineers to evaluate rock properties based on well 
determined values and empirical correlations. On the 
other hand, extensive tests of rocks have been 
conducted in many areas but the data are scattered in 
different federal, state and local agencies and 
geotechnical companies, and are not reused properly. 
To reuse these valuable test data efficiently and 
effectively, a central database of rock properties 
needs to be developed and made accessible to 
different users.” 
In Fig. 17, a structure for such a system is outlined 
(Hudson and Feng, 2012) comprising tables of intact 
rock mass properties, libraries of standard and case 
example modelling solutions, and libraries of design 
and construction case examples. The procedure for 
initial implementation of this memory system is 
being developed by the ISRM Commission on 
Design Methodology. It is hoped that the ISRM 
implementation can be linked to the work of Zhang 
et al. (2012) who have developed a “rock expert 
system for the evaluation of rock properties” 
incorporating a database, web application platform 
and data application tools. 
When conducting rock mechanics modelling and 
incorporating the results into rock engineering design, 
it is clearly advantageous to use all the relevant 
techniques and information that are available. 
Currently, this is often not achieved because 
knowledge of the techniques and information is not 
readily available, i.e. there is no overall mechanism 
for recalling the relevant information. In other words,  
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Fig. 17 The structure for a corporate memory system for rock 
mechanics and rock engineering information. 
 
the modelling and design are not supported by a 
“memory system”. The necessary supporting 
information covers the spectrum of site investigation 
results, experience of previous similar projects, 
knowledge of computer numerical modelling 
techniques, knowledge of design methods including 
risk analyses, plus knowledge of construction and 
monitoring techniques. We will term this memory the 
“corporate memory” or “organisational memory” of 
the rock mechanics and rock engineering community. 
Before the advent of the Internet, it was difficult to 
construct an easily accessible memory system to 
support rock mechanics modelling and rock 
engineering design. The Key Word in Context 
(KWIC) index developed by Dr. Hoek (Gralewska 
and Hoek, 1969, 1979) was one example. However, 
we now have the ideal tools, both for constructing 
and using the memory system. The boxes in the 
flowchart in Fig. 15 provide an overview of the content 
required. There also needs to be consideration of the 
requirements of the users of such a system, how it 
would be used, and hence how it should be 
developed. This is the motivation for the ISRM 
development of the Fig. 17 flowchart into a useable 
system and for the Zhang et al. (2012) developments. 
3.2 Coherency conditioning of the information 
As present, and as intimated above, when we 
search for rock mechanics and rock engineering 
information on the Internet via Google Scholar, 
Sciencedirect, OnePetro, etc., the information is not 
“coherent” in the sense that it can be used directly: 
the researcher/engineer has to undertake considerable 
work in extracting the required information in a form 
that is suitable for its use. Thus, the information in 
the rock mechanics information system has to be 
conditioned so that it is in a more directly useable 
form. This then leads to the content of the six boxes 
in the penultimate line of the Fig. 17 flowchart, as 
described below. 
3.3 Tables of intact rock properties 
The most useful feature of the system with regard 
to rock properties would be the ability to access 
tables of intact rock properties. This involves 
compiling tables of, for example, the distribution of 
Young’s moduli for various rock types. Such tables 
will be relatively easy to compile for the common 
rock properties, such as Young’s modulus, Poisson’s 
ratio, compressive strength, tensile strength, 
brittleness, etc.; however, there will naturally be less 
information regarding the less frequently used 
properties, such as the transversely isotropic elastic 
moduli.  
3.4 Tables of rock mass properties 
Similarly, there is a good deal of information 
available on rock mass properties, such as the ranges 
of hydraulic conductivity in different rock mass types. 
However, unlike the intact rock properties, these 
properties are more affected by the specific rock 
mass from which the data have been obtained. For 
example, the discontinuity frequency in granitic rock 
masses will be a function of the structural geological 
history, and therefore will have to be also indexed by 
location. It will also be necessary to extract and 
present some of the subtleties of the subject (e.g. 
Harrison, 2002). 
3.5 Library of standard modelling solutions 
In rock mechanics analyses, many researchers and 
engineers have found standard modelling solutions to 
be of guidance when designing facilities to be built in 
rock masses. For example, the Kirsch solution for the 
stresses around a circular hole in an elastic material 
provides a “first pass” estimate of the stresses likely 
to be present around a circular tunnel. Also, the 
solution can be extended for the case of an elliptical 
hole, enabling the designer to consider the 
practicality of changing the tunnel geometry in order 
to minimise the maximum stress component around 
the tunnel (e.g. see page 97 in Pariseau, 2007). These 
standard modelling solutions have proved to be most 
useful in “first pass” design considerations and so an 
easily accessible library of these solutions will be of 
great benefit. 
3.6 Library of case example modelling solutions 
After the standard modelling solutions, and for 
more complex geometries and conditions, the next 
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step a designer would be interested in is whether 
anyone has conducted modelling exercises for similar 
cases to the one being proposed. This could not only 
involve different geometries but also different 
conditions and variables, for example, the inclusion 
of major fractures, the need to include thermal and 
hydraulic aspects, plus whether continuum and/or 
discrete element modelling had been used. Of course, 
it is unlikely that the exact conditions would have 
already been replicated in a previous exercise, but the 
ability to rapidly access and peruse previous 
modelling exercises that were coherently tabulated 
and indexed would be of significant benefit and a key 
component of the memory system. It would also be 
helpful if this module could discuss issues and 
provide guidance on, for example, when sufficient 
information has been obtained from a site 
investigation (see Andersson et al., 2004) for input 
and how to conduct the modelling (see Jing, 2003; 
Hudson et al., 2005; Jing and Stephansson, 2007). 
3.7 Library of design case examples 
This contains actual design case examples and 
these will naturally be project and site specific. 
However, and as with the case example modelling 
solutions described above, the ability to examine 
easily accessible and well presented design case 
examples will also help rock mechanics practitioners. 
Different countries have different regulations 
regarding the design of rock construction, so it would 
also be helpful to note the limitations introduced by 
such regulations (e.g. Bond and Harris, 2008).  
3.8 Library of construction case examples 
This is the last of the six main sources of 
information in Fig. 17. Whereas the previous five 
sources relate to supporting and prediction 
information, this source relates to outcome 
information: what happened when the surface or 
underground facility was constructed? In some areas 
of the world, such as Europe, much of this 
information is difficult to obtain because of the legal 
restraints on releasing the information; in other parts 
of the world, such as Asia, the information is more 
readily available, see, for example, the extensive 
description of the design and construction of a large 
rock slope and underground cavern complex in 
Chapters 6 and 7 in the rock engineering design book 
by Feng and Hudson (2011). Thus, there is 
considerable construction outcome information 
available which can be accommodated within this 
library of construction case examples. 
3.9 The interrogation and retrieval system 
Finally, the whole memory system is accessed 
through a user-friendly platform that enables the user 
to quickly find whatever information is required and 
can be included in the memory database. The content 
of the six main sources of information (in the 
penultimate line in the Fig. 15 flowchart) will be 
presented in different ways for the reasons based on 
the discussion above. For the tables of intact rock and 
rock mass properties, the user will find these just by 
searching for a particular parameter for a particular 
rock type. For the libraries of standard and case 
example modelling solutions, the interrogation 
procedure will have to be more subtle because of the 
boundary condition assumptions, variable and 
parameter assumptions, and modelling types. In the 
same way, the interrogation procedure for accessing 
the libraries of design and construction case 
examples will need to be indexed in a suitable way to 
support users’ questioning requirements.  
3.10 The “coherency” module 
Currently, we are able to access large amounts of 
rock mechanics and rock engineering data from the 
Internet. The major advantage of this facility is the 
ability to read and download papers on various 
aspects of the subjects. Also, one of the recent 
achievements of the ISRM has been to upload all the 
papers presented at previous ISRM Symposia (via 
the www.onepetro.org), these not being previously 
available via the Internet. However, despite this 
major leap in the essentially instant availability of 
published papers, the vital information is not 
accessible in a coherent form. In other words, the 
information still has to be extracted from the 
publications. If one were interested in the elastic 
moduli of sandstones, for example, there is a variety 
of papers that can be quickly downloaded, but then 
there is the much slower task of extracting the 
information and compiling the necessary table of 
results. 
Therefore, we need to include a coherency module 
which will transform the information available into a 
form that directly fits the objective of supporting 
rock mechanics modelling and rock engineering 
design. 
3.11 The developments by Zhang et al. (2012) 
Separately to the developments of the ISRM 
Commission on Design Methodology, Zhang et al. 
(2012) have recently published a paper about a scheme 
to provide the information described in this Section. 
An overview of their scheme is shown in Fig. 18 with 
the three components of Rock Expert System                         
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Fig. 18 System architecture diagram for rock expert system (from Zhang et al., 2012). 
 
Database, Web Application Platform and Data 
Application Tools. 
In their paper, Zhang et al. (2012) showed example 
tables, one of which is included below in Table 1. 
The authors also included tables for estimating the 
elastic modulus of intact rock, the unconfined 
compressive strength of intact rock, and the 
deformation modulus of rock masses. Such tables are 
invaluable for estimation from site investigation 
measurements or even for estimation when only 
geological knowledge is available. The significance 
of this approach is that it provides information for 
modelling in the two cases of “known beforehand 
and not easily addressed” and “not known 
beforehand and not easily addressed”. 
 
Table 1 Empirical correlations for estimating unconfined 
compressive strength of rock masses (from Zhang et al., 2012). 
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4  Conclusions and final point 
 
To the question “How can we recognise 
mechanical rock mass parameters?”, the answer lies 
in the approach described via the flowchart in Fig. 17 
and the rock expert system implementation method 
described by Zhang et al. (2012). In rare cases, there 
may be enough information supplied through the site 
investigation, but it will always be useful to 
supplement this by the “corporate memory” 
knowledge. So, the services of a structural geologist, 
the use of the corporate memory, a good site 
investigation, and associated computer modelling and 
simulation will go a long way towards reducing the 
unknown factors and hence the occurrence of 
unpredicted events during construction. 
To the question “How can we develop a dynamic 
design when geological conditions cannot be known 
before construction?”, the answer is similar to that 
above. Even though the exact geological conditions 
may not be known, a structural geologist will be able 
to provide the basic framework, and then the 
continuing use of the flowcharts in Figs. 3 and 4, plus 
the use of the corporate knowledge described and the 
emerging rock conditions as excavation procedures 
will enable a dynamic design to be developed. This 
will support the observational method described by 
Palmström and Stille (2010). 
The final point in these contexts relates to the 
difference between knowledge and wisdom, i.e. as 
we move from the computer supplied information to 
the engineer’s use of the information. In other words, 
we need judgement to decide on how to use the 
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corporate knowledge, the modelling results, plus the 
emergent rock properties during construction to 
develop the dynamic design using inter alia neural 
network “intelligent” methods.  
But we should remember that there is a difference 
between “knowledge”, as all the generic and specific 
information relating to a site and the project 
construction, and “wisdom”, as the ability to discern 
or judge what is the best approach to construction. 
The 18th century English poet William Cowper 
highlighted the difference between “knowledge”, in 
the current context (the supporting information such 
as that generated by the Fig. 17 corporate memory), 
and “wisdom” (in the current context the engineer’s 
application of that knowledge to the rock engineering 
project in hand). William Cowper wrote: 
“Knowledge, a rude, unprofitable mass, 
The mere materials with which wisdom builds, 
Till smoothed, and squared, and fitted to its 
place...” 
An approximation in Chinese to these words is: 
知识和智慧是有区别的， 
知识本身是不能协调的， 
在变成智慧之前知识是需要组织的。 
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